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ABSTRACT
The published data pertaining to the thermal conductivity of 
liquids are of such a character that it is very difficult to determine 
from them the correct value, or the temperature coefficient for any 
liquid.
Most of the published values of thermal conductivity for liquids 
are evaluated at one particular temperature. It is the purpose of 
this investigation to design, construct and calibrate a thermal con- 
ductometer for liquids over a temperature range of 30°F to 200°F.
Since water and glycerol were the only liquids found by this 
investigator with published data on their conductivities as a function 
of temperature, they were used as the calibration liquids for the con- 
ductometer in this investigation.
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I. INTRODUCTION
Accurate prediction of heat transfer rates through fluids depends 
upon a knowledge of their thermal conductivities.
The mechanism of conduction heat transfer depends entirely on the 
molecular energy interchanges or the flow of valence electrons in a 
conducting medium. However, the random translatory motion of liquids is 
small and so is the translation of energy due to this motion (1). The 
most promising theories of liquid conduction suppose a heat transfer by 
longitudinal vibrations, similar to the propagation of sound.
Experiments and theories show that thermal conductivity is affected 
by the internal structure of the substance, its pressure and temperature. 
Bridgman’s (2) experiments in high pressure research indicated that the 
thermal conductivity of liquids increased from two to three fold under 
the pressure of 12,000 kilo-gram per square centimeter. However, it is 
not the purpose here to show the pressure affects on thermal conductivity 
of liquids.
Most of the apparatus measure conductivity only at one temperature. 
The object of this investigation is to design, construct, and calibrate 
a conductometer for measuring thermal conductivity of liquids under 
atomspheric pressure and various temperatures, the range being from 30°F 
to 200°F.
It is simple to measure the thermal conductivity of solids for there 
is no natural convection involved; but for gases and liquids, the natural 
convection must be eliminated in order to achieve the true value of coef­
ficients of heat transfer by conduction.
(1) All references are in bibliography
2Heat transfer by natural convection can be reduced or eliminated
by:
(a) Minimizing the thickness of liquid to be tested so that 
the temperature differential across the liquid film will 
be small.
(b) Heating the top and cooling the bottom of the liquid so 
that conduction without convection can occur when warmer and 
lighter portions of liquid are placed above cooler and 
heavier ones.
Therefore, the general design of the apparatus developed in this 
study will follow the above rules.
II. LITERATURE REVIEW
There has been a number of theories developed on the heat con­
duction of liquids. In 1915, Paschki (3) was the first to find that 
thermal conductivity of liquids were proportional to the sound ve­
locity and to the 4/3 power of the density, i.e.,
k = C V s(?)4/3 (A)
In 1880, Weber (4) proposed the emperical relation
k = 3.59 x 10“3 Cp £(<0/M)l/3 (B)
where k « thermal conductivity, cal/(sec)(cm)(°C)
Cp — specific heat at constant pressure, cal/(g) (°C)
(p — density, g/crn^
M molecular weight.
In 1923, Bridgman (5) derived the following equation for mon­
atomic substances:
k - 3(R/N)VSD~2 « 3(R/N)Vs(p/M)2/3 (C)
where R = the universal gas constant,
N = the number of molecules in one mole (Avogadro's number)
V = the velocity of sound in liquid, and s
D = the mean distance between the centers of adjacent molecule 
based on the assumption that they are arranged in simple 
cubical array.
Equation (B) was checked by Bird, Stewart and Lightfoot (6) in 
1960 and they concluded that experimental data showed good agreement 
with the theoretical equation even for polyatomic liquids, but the 
numerical coefficient of 3.0 was somewhat too high. Very good agree 
ment was obtained if the coefficient was taken as 2.8:
4k a 2.8(R/N)VgD"2 (D)
By separating the energy gradient of Bridgman's equation into a 
product of heat capacity and the temperature gradient and by making 
some further assumptions regarding the actual energy transfer process, 
Kardos (7) in 1934 and Sakiadis and Coates (8) in 1955 proposed an 
expression
k = Cp£VsL CE)
in which L represents the distance between surfaces of molecules in 
adjacent isothermal layers.
There are also a few other theoretical and emperical equations for 
predicting thermal conductivity of liquids, such as the ones developed 
by Smith (9) and Palmer (10).
Reid and Sherwood (11) ran a series of experiments in 1958 to 
check the methods stated in previous paragraphs and made the following 
conclusions:
(a) The method of Weber or that of Sakiadis and Coates is 
recommended for use in predicting thermal conductivity 
of liquids.
(b) Weber's method is easier to use and is applicable to more 
compounds at different types, while Sakiadis and Coates' 
method has a firmer theoretical basis.
(c) Both recommended methods yield about the same average 
error.
Most of the apparatus in determining the conductivity of solids 
can be used for liquids with a little modification. The most common 
methods are the twin-plate method and the coaxial-cylinder method.
5Xn 1888, Schleiermacher (12) originated the hot-wire method to 
determine the conductivity of liquids. This method is based on an 
electric heating of a fluid by a thin wire, which is drawn in the axis 
of a highly conductive metal capillary tube containing the test fluid. 
Since the conductivity of liquids is very low compared with that of 
metal, some of the heat generated in the wire will flow longitudinally 
to the ends of the apparatus, thereby introducing an error. To com­
pensate for this error, Eucken (13) made an improvement of Schleier- 
macher's method by connecting the wire in a Wheatstone-bridge arrange­
ment as a part of the resistor. This arrangement is described in detail 
by Daynes (14).
Jacob (15) designed a very accurate but complicated apparatus in 
1920. This apparatus consists of a system of plates covered by a 
Dewar vessel which is described in detail by himself in a book published 
in 1949 (16)„
Xn designing conductivity apparatus for liquids, Kraussold (17) 
discovered that if the product of Grashof’s number and Prandtl's number 
were less than 600, then natural convection would not exist.
(F)
III. APPARATUS
The apparatus used in this investigation consist of five elements 
as shown in Figure 1. They are conductometer, battery eliminator, 
potentiometer, voltmeter-ohmmeter and thermocouple switch. Figure 2 



















Liquid to be tested for its conductivity is contained in a fiber­
glass conduction chamber which is well insulated by a mixture of four 
parts of ground cork (k = 0.025) and one part of Portland cement 
(k » 0.17). The surface which encloses the insulation and conduction 
chamber is a 1/8" thick black asphalt tile (k ~ 0.43).
• APR • 62
Figure 3
Thermal Conductometer









Cut-away View o f Cets^mtixm Chaaiw
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Figure 6
Top View of Conduction Chamber
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The conduction chamber is divided into eight cells by eight 0.005 
inch thick copper plates, as shown in Figure 5. On each copper plate, 
there is an insulated Iron-Constantan thermocouple wire tin soldered in 
the middle to measure the surface temperature. Since copper has a very 
high thermal conductivity, the liquid surface temperatures across the 
plate are identical with that of the copper plate.
The heating element is a 0.788 ohms per foot nichrome wire. The 
total electrical resistance of the wire at room temperature is 3.2 ohms. 
The cooling surface of the conduction chamber is an aluminum block 
surrounded by ice bath. Since tin solder will not adhere on aluminum, 
the thermocouple is peened on to measure the cooling surface temperature,
B. BATTERY ELIMINATOR
Heat is supplied to the heating element by a Heathkit Battery 
Eliminator Model BE-5 which rectifies the AC voltage input to DC 
voltage output. According to the manufacturer, the specifications 
are as follows:
(1) 6 Volt Range: ,
0-8 volts, no load.
0-7 volts at 10 amperes, continuous 
0-6 volts at 15 amperes, maximum. 
Filtered -
0-6 volts at 5 amperes continuous, 
less than 0.3% ripple.
(2) 12 Volt Range:
0-16 volts, no load.
0-14 volts at 5 amperes, continuous 
0-12 volts at 7.5 amperes, maximum. 
Filtered -
0-12 volts at 5 amperes continuous, 
less than 0.3% ripple.







All temperature measurements are made by iron-cons tan tan thermo­
couples and the voltage difference between the hot and reference 
junctions are registered by a Rubicon potentiometer No. 2745. The 
following are manufacturers specifications of this instrument:
(1) Measuring Ranges: Two measuring ranges are provided, 0 to 16.1 
millivolts, readable to *0.001 millivolt; and 0 to 80.5 millivolts, 
readable to -0.005 millivolt. These cover the entire range of thermo­
couple emf's.
(2) Reference Junction Compensator Ranges: Two compensator ranges are 
provided, 0 to 1.1 millivolts, adjustable to *0.001 millivolt; and 0
to 5.5 millivolts, adjustable to -0.005 millivolt. Either compensator 
range may be used with either measuring range.
(3) Two Measuring Dials: Each voltage range is covered by a 16-point 
dial switch and 14-inch slidewire affording an effective scale length 
of 200 inches for each range. The same slidewire is used also for 
setting the reference junction compensation.
(4) Galvanometer: The built-in "Pointerlite" galvanometer with multiple-
reflection optical system and sharp hair-line index has sufficient
+sensitivity to permit balancing to -0.002 millivolt to circuits with 
external resistance up to 15 ohms. For large degrees of unbalance, the 
pointer index may be used to indicate the direction of potentiometer dial 
adjustment required to obtain balance.
D. VOLTMETER-OHMMETER
Voltage input to the heating element by the battery eliminator 
is measured by the Eico model 232 voltmeter-ohmmeter. The following 
are manufacturer’s specifications of this instrument:
(1) DC Voltmeter:
Ranges: 0 to 1.5, 5, 15, 150, 500, 1500 volts.
Input Resistance: 11 Megohms.
+Accuracy: -3% of full scale or better.
(2) Ohmmeter: 0 to 100 Megohms in 7 ranges, Rxl, RxlO, RxlOO, RxlOOO 
RxlOK, RxlOOK, RxlMeg (10 ohms center scale on Rxl range)
(3) Tube complement: 1-6AL5 twin-diode as full-wave peak-to-peak 
rectifier 1-12AU7 twin-triode in vacuum-tube balanced bridge cir­
cuit.
(4) Power Supply: Transformer-operated selenium rectifier; 1.5 volt 
flashlight cell.
(5) Power Requirements: 105-125 volts AC, 50-60 cps; drain: 5 watts.
E. THERMOCOUPLE SWITCH
For promptness and convenience in measuring temperatures from 
station to station, a Leed & Northrup ten-position thermocouple switch 
and terminal board are used.
IV. TEST PROCEDURES
This experiment is comparatively simple but rather time consum­
ing. The following are the test procedures:
(a) Fill the ice-box with ice.
(b) Fill the conductometer with the liquid which is to be tested 
and "bleed" the system by opening the air-vent valve. Make 
sure that there is no air trapped in the cells.
(c) Connect the heating element to the filtered side of the battery 
eliminator.
(d) Turn on the battery eliminator and adjust the voltage so that TQ 
(see Figure 5) will not exceed the boiling temperature of the 
liquid.
(e) After the appropriate voltage is reached, keep it constant by
checking it from time to time with a voltmeter so that the voltage
input will not be subjected to fluctuations due to loading or un­
loading of other electrical elements on the same power line.
(f) Allow enough time for the liquid to reach thermal equilibrium.
(g) After the thermal steady-state is reached, record the voltage
input, and temperatures TQ through Tg.
V. CALCULATIONS
A. ASSUMPTIONS
The following assumptions are made for the calculation of the 
results:
(a) There is no heat loss by conduction, convection, or radiation 
from the conductometer to the ambient.
(b) There is no convection heat transfer in any of the conduction 
cells.
(c) The fiberglass wall of the conduction chamber is non-conductive.
In other words, the liquid to be tested is the only heat conduct­
ing medium between the hot and cold surfaces in the conduction 
chamber.
(d) Heat transfer by radiation between two adjacent copper plates
is a small percent of the total heat input and can be neglected. 
This assumption can be justified by a simple radiant heat trans­
fer calculation.
(e) The copper plate temperature is the same as that of liquid surface 
in contact.
B. TOTAL HEAT INPUT
The total power input to the conductometer by the direct current 
battery eliminator is the product of voltage input and current.
P = VI, and (G)
P = v 2/r , CH)
where P is power in watts, V is voltage in volts, and R is electrical 
resistance in ohms.
By converting electrical power into heat energy, Q = 3.4122 P,
= 3.4122 V2/3.2, = 1.065 V2. (I)
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C. LIQUID BULK TEMPERATURE
The liquid bulk temperature at which the thermal conductivity is 
calculated is assumed to be the arithematic mean temperature of the 
two liquid surface temperatures.
= To * T1 ,
2
or in general the above equation is written as,
t-n = T„ -i + T_n_I-- _£ > (J)
where the subscript n designates the cell number, n = 1, 2, ••...8.
D. THERMAL CONDUCTIVITY
Fourier's basic law of heat conduction expresses that,
Q = k f A t  00
where Q is total heat conducted in Btu/hr,
k is thermal conductivity in Btu/(hr)(ft)(°F),
A is total heat transfer area in sq. ft.,
L is thickness of the conducting medium in ft.,
A t  is temperature difference across the conducting
medium in °F. Therefore, for the conductometer under 
investigation,
QL 1.065V2L 38.4V2L n\
k = A S ,  ° (4/144) At " A t  ' V ’
where L is 0.416' for cells 1 through 7 and 0.0833' for cell No. 8.
E. CALIBRATION FACTOR
Calibration factor is defined here as the ratio of published 
thermal conductivity, k ’ to that of the experimental value, k,
C k 00
VI. DISCUSSION
There are only a few liquids whose thermal conductivities have 
been investigated at various temperatures. Since this conductometer 
is limited to chemically inactive liquids to prevent corrosion, and 
to those of low boiling point to avoid convection, the only available 
liquids that can be used for calibration are rather scarce.
Water and glycerol were the two reference liquids used for the 
conductometer calibration. Owing to the unavailability of other 
liquids, each reference liquid was tested three times in order to 
assure the uniformity of thermal steady-state temperature readings.
The time required for reaching thermal equilibrium depends upon 
the individual liquid. The lower the thermal conductivity, the longer 
it will take to reach equilibrium. Usually it takes more than a day 
for the temperatures to stabilize. The technique and experience of 
the experimentalist can reduce the testing time. By experience, the 
time required for thermal equilibrium is shortened considerably by 
first over-supplying the power to the conductometer so that the liquid 
is being heated rapidly. Then the power is reduced to a point where 
the liquid reaches equilibrium, and the temperature at point 0 is just 
under the boiling point of the liquid. Of course, this trial and error 
method is quite tedious but this is about the only way to find out the 
suitable power input.
It is difficult to calculate the total heat loss from the con­
ductometer to the ambient by conduction, convection, radiation and 
liquid evaporation. Therefore the initial liquid conductivity cal­
culation is simplified by assuming no heat loss to the ambient and
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then, the calculated result is corrected by multiplying a calibration 
factor. The calibration factor is defined as the ratio of the published 
thermal conductivity, k ’ to that of the initial calculated value, k.
Accurate thermal conductivities of water at various temperatures 
were published by Schmidt and Selschopp (18). Hence, water was the 
first reference liquid used for the conductometer calibration. Be­
cause heat loss to the ambient was neglected, the initial calculated 
values were almost four times as high as the published ones. This is 
not alarming, because one can accurately predict the conductivity as 
long as the error of the apparatus is consistent.
To check the consistency of the conductometer, glycerol with known 
thermal conductivities at various temperatures was tested to substanti­
ate the results obtained from water. It was found that the conducto­
meter yielded about the same percentage of error for both reference 
liquids.
Calibration curves for both water and glycerol over the temperature 
range between 32°F and 200°F were plotted in Figure 10 and the differ­
ences were very small. Theoretically, for consistency, the two curves 
should have coincided with each other. However, the degree of accuracy 
of the published thermal conductivities is uncertain since they rely 
exclusively upon the results obtained by a single observer (19).
The published conductivities for water are probably more accurate 
than for glycerol. The conductivities of glycerol are expressed by a 
emperical linear equation (20) with temperature as a variable. In 
order to establish a calibration curve for the conductometer, the 
average calibration factors of the two reference liquids were used and
are plotted in Figure 11.
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With the assistance of Figure 11, the conductivity of other liquids 
can be predicted. To demonstrate the use of the calibration curve, 
nitrobenzene was tested for its conductivities and the results are 
shown graphically in Figure 12. The difference between the predicted 
and the published conductivity at 86°F (21) was only 2.1%.
It should be pointed out that the calculated conductivities of 
cell No. 1 in all cases were considerably lower than those of other 
cells, because cell No. 1 was partially filled with vapor, due to 
evaporation of liquid.
Since most of the liquids have much lower conductivities than solid 
insulation materials, it is suggested that gas be used as the conducto­
meter insulation to reduce excessive heat loss to the ambient. Of 
course, the volume expansion of gas due to temperature rise will create 
a problem. For further improvement, the cell thickness should be reduced so 
that the time required for thermal equilibrium will be decreased.
The advantages of the design of this conductometer are listed as 
follows:
(a) It is assured that no natural convection takes place.
(b) One experiment will obtain eight conductivities (8 cells) 
at various temperatures.
(c) It can be easily converted into a conductometer for gases 
by replacing the air-vent by a pressure-relief valve and
other moderate modifications.
VII. PUBLISHED AND EXPERIMENTAL DATA
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TABLE I
EXPERIMENTAL DATA FOR WATER
Voltage input, V = 4 volts;














EXPERIMENTAL RESULTS FOR WATER 































Source of data: See bibliography (18)
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TABLE IV
EXPERIMENTAL DATA FOR GLYCEROL
Voltage input, V = 3 volts,
Heat input, Q/A == 346 Btu/(hr)(ft^)
Thermocouple Potential Temperature












EXPERIMENTAL RESULTS FOR GLYCEROL 











PUBLISHED THERMAL CONDUCTIVITY OF GLYCEROL
k = 290 |l + 0.00263 (t-20)J , 0° t 80°C
where k is thermal conductivity in 10““* watt/ (cm) (°C) and t in °C. 
Conversion factor: 1 watt/ (cm) (°C) =* 1.7611 x 10^ Btu/(hr) (f t) (°F).

















EXPERIMENTAL DATA FOR NITROBENZENE
Voltage input, V = 2 volts,

































The radius of curvature of the water calibration curve is quite 
large and the glycerol calibration curve is a linear function. There 
fore, the error will be insignificant if the average calibration 
factors of the two reference liquids are taken. Figure 11 is the 
average calibration curve for the conductometer.
During the experiment, the temperatures were controlled so that 
the hot surface temperature, TQ was below the boiling point and the 
cold surface temperature, Tg was above the freezing point of water. 
Therefore, with a slight extrapolation, the temperature range for the 
conductometer is between 30°F and 200°F.
The calibration factors were found to be small due to a great 
amount of heat loss to the ambient. To increase the calibration 
factors or to reduce the heat leakage to the ambient, it is suggested 
to use gas as an insulation for the conductometer.
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